This study identified structural and functional brain connectivity alterations in two independent samples of patients along the posterior cortical atrophy (PCA) disease course. Twenty-one PCA patients and 44 controls were recruited from two expert centres. Microstructural damage of white matter (WM) tracts was assessed using probabilistic tractography; resting state (RS) functional connectivity of brain networks was explored using a model free approach; grey matter (GM) atrophy was investigated using voxel-based morphometry. Compared with controls, common patterns of damage across PCA patients included: GM atrophy in the occipital-temporal-parietal regions; diffusion tensor (DT) MRI alterations of the corpus callosum and superior (SLF) and inferior longitudinal fasciculi (ILF) bilaterally; and decreased functional connectivity of the occipital gyri within the visual network and the precuneus and posterior cingulum within the default mode network (DMN). In PCA patients with longer disease duration and greater disease severity, WM damage extended to the cingulum and RS functional connectivity alterations spread within the frontal, dorsal attentive and salience networks. In PCA, reduced DMN functional connectivity was associated with SLF and ILF structural alterations. PCA patients showed distributed WM damage.
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Introduction
Posterior cortical atrophy (PCA) is a rare neurodegenerative syndrome characterized by a prominent progressive impairment of higher visual functions, such as disturbances on recognizing, locating and/or reaching objects under visual guidance, but also on a broad range of other cognitive domains subtended by occipito-temporal (ventral), occipito-parietal (dorsal), primary visual (caudal) or dominant parietal cerebral pathways (Crutch et al., 2017) .
In vivo biomarker and postmortem pathological data indicate that the vast majority of reported cases of PCA are attributable to Alzheimer's disease (AD) (Alladi et al., 2007; Seguin et al., 2011; Tang-Wai et al., 2004) . Unlike classic-amnestic AD, age at disease onset in PCA patients tends to be much earlier (from mid-50s to early 60) along with a relatively spared episodic memory (Borruat, 2013; Crutch et al., 2012) .
In accordance with their clinical and neuropsychological features, magnetic resonance imaging (MRI) and 2-fluoro-2-deoxy-D-glucose (FDG) positron emission tomography (PET) studies in PCA patients have shown patterns of grey matter (GM) loss (Lehmann et al., 2011; Migliaccio et al., 2009; Whitwell et al., 2007) and glucose hypometabolism (Nestor et al., 2003; Whitwell et al., 2017) predominantly in visual association areas (involving mainly the occipitoparietal and occipito-temporal cortices). Diffusion tensor (DT) MRI studies have shown that PCA is also associated with degeneration of white matter (WM) long-distance tracts connecting the occipito-parietal to the temporal and frontal brain regions (Caso et al., 2015; Madhavan et al., 2016; Migliaccio et al., 2012b; Migliaccio et al., 2012c) . A model in which neurodegeneration in PCA selectively targets both posterior regions of the default mode network (DMN) and the visual network has been proposed (Lehmann et al., 2013; Ossenkoppele et al., 2015) , although spatiotemporal trajectories of neurodegeneration are still not fully understood. Recent resting state functional MRI (RS fMRI) studies comparing small PCA samples with healthy controls reported altered higher visual network functional connectivity, while DMN findings were less consistent Migliaccio et al., 2016) .
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In the present cross-sectional study, we sought to identify structural and functional brain connectivity alterations in two independent samples of patients along the PCA disease course.
Patterns of GM atrophy were also explored. Assessing brain network abnormalities in patients with disparate clinical symptoms would help elucidating patterns of disease spread.
Methods

Participants
Twenty-one patients with a diagnosis of PCA (Crutch et al., 2017; Mendez et al., 2002) have been previously reported (Caso et al., 2015) . This prior article dealt with structural MRI abnormalities in early onset AD variants [reference blinded to review], whereas in this manuscript we report on the patterns of structural and functional brain connectivity alterations in two independent samples of PCA patients. According to established criteria (Crutch et al., 2017; Mendez et al., 2002) , diagnoses were based on a comprehensive evaluation including clinical history, neurological examination, and neuropsychological testing. Experienced neurologists blinded to the MRI results performed clinical assessments. History was taken with a structured interview from patients' relatives. Eligibility criteria included: no family history of dementia; no significant medical illnesses or substance abuse that could interfere with cognitive functioning; no any major systemic, psychiatric or (other) neurological illnesses; and absence of other causes of focal or diffuse brain damage, including lacunae and extensive cerebrovascular disease at routine MRI. When available, clinical diagnoses were supported by FDG PET (6 cases in Sample#1; 9 cases in Sample#2) and/or cerebrospinal fluid biomarkers (3 cases in Sample#1; 9 cases in Sample#2). All patients had an AD-like biomarker profile. Healthy controls with no history of
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A C C E P T E D M A N U S C R I P T neurologic, psychiatric or major medical illnesses were recruited among friends and spouses of patients and by word of mouth. This study was approved by the Local Ethical Committee on human studies and written informed consent from all subjects was obtained prior to their enrolment.
Neuropsychological assessment
In each centre, neuropsychological and behavioral evaluations were completed within 48 hours of MRI by an experienced neuropsychologist, who was unaware of the MRI data. Full details are provided in the Supplementary Material.
MRI acquisition
Sample#1. MRI scans were obtained on a 1.5 Tesla Philips Medical System Achieva. 
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Sample#2. MRI scans were obtained on a 3.0 T Philips Medical Systems Intera machine. Total acquisition time of RS fMRI was about 10 minutes. During scanning, subjects were instructed to remain motionless and to keep their eyes closed.
MRI analysis
An experienced observer, blinded to patients' identity, performed MRI analysis. Briefly, GM atrophy was investigated using voxel-based morphometry (VBM) in SPM12; microstructural damage of WM tracts was assessed using DT MRI and probabilistic tractography in FSL; RS functional connectivity of brain networks was explored using a model free approach in FSL (MELODIC).
GM atrophy
Voxel-based morphometry A C C E P T E D M A N U S C R I P T VBM was performed using SPM12 and the Diffeomorphic Anatomical Registration Exponentiated Lie Algebra (DARTEL) registration method (Ashburner, 2007) . Briefly, (i) T1-weighted images were segmented to produce GM, WM and cerebrospinal fluid (CSF) tissue probability maps in the Montreal Neurological Institute (MNI) space; (ii) the segmentation parameters obtained from the step (i) were imported in DARTEL; (iii) the rigidly aligned version of the images previously segmented (i) was generated; (iv) the DARTEL template was created and the obtained flow fields were applied to the rigidly-aligned segments to warp them to the common DARTEL space and then modulated using the Jacobian determinants. Since the DARTEL process warps to a common space that is smaller than the MNI space, we performed an additional transformation as follows: (v) the modulated images from DARTEL were normalized to the MNI template using an affine transformation estimated from the DARTEL GM template and the a priori GM probability map without resampling (http://brainmap.wisc.edu/normalizeDARTELtoMNI).
Prior to statistical computations, images were smoothed with an 8 mm FWHM Gaussian filter.
WM tracts Tractography
The diffusion-weighted data were skull-stripped using the Brain Extraction Tool (BET) implemented in FSLv5.0 (http://fsl.fmrib.ox.ac.uk/fsl). In Sample#1, the diffusion-weighted images (DWI) were corrected for distortions caused by eddy currents and movements, using an implementation of the algorithm described in Rohde et al. 2004 (Rohde et al., 2004 (http://white.stanford.edu/newlm/index.php/DTI_Preprocessing#dti Raw_Preprocessing_Pipeline).
This eddy-current/motion correction step combines a rigid-body 3D motion correction (6 parameters) with a constrained non-linear warping (8 parameters) based on a model of the expected eddy-current distortions. In Sample#2, using FMRIB's Linear Image Registration Tool (FLIRT), the two diffusion-weighted scans were coregistered by applying the rigid transformation needed to correct for position between the two b 0 images (T2-weighted, but not diffusion-weighted). The A C C E P T E D M A N U S C R I P T rotation component was also applied to diffusion-weighted directions. Eddy currents correction was performed using the JIM5 software. Then, the two acquisitions were concatenated.
In both Samples, the DT was estimated on a voxel-by-voxel basis using the DTIfit toolbox, part of the FMRIB Diffusion Toolbox within FSL, in order to obtain fractional anisotropy (FA), mean (MD), axial (axD) and radial diffusivities (radD) maps.
Seeds for tractography of the cingulum, corpus callosum (CC-whole tract, genu, body and splenium), superior longitudinal (SLF), inferior longitudinal (ILF), and uncinate fasciculi were defined in the MNI space on the FA template provided by FSL, as previously described . Fiber tracking was performed in native DT MRI space using a probabilistic tractography algorithm implemented in FSL (probtrackx), which is based on Bayesian estimation of diffusion parameters (Bedpostx) (Behrens et al., 2007) . Fiber tracking was initiated from all voxels within the seed masks in the diffusion space to generate 5000 streamline samples with a step length of 0.5 mm and a curvature threshold of 0.2. Tract maps were then normalized taking into consideration the number of voxels in the seed masks. To this aim, the number of streamlines present in the voxels of the tract maps was divided by the way-total, which corresponds to the total number of streamlines that were not rejected by the exclusion masks. The tract masks obtained were thresholded at a value equal to 40% of the 95 th percentile of the distribution of the intensity values of the voxels included in the tract. This normalization procedure allowed to correct for possible differences between tracts due to the different sizes of the starting seeds. In this way, we also excluded the background noise and avoided a too restrictive thresholding when the maximum intensity value was an outlier. Using a "seed" approach, the reconstructions of the tracts of interest were obtained. For each tract, the average FA, MD, axD and radD were calculated in the native space.
RS functional connectivity
In both samples, FMRI analysis was performed using FSL (FSLv5.0). Preprocessing was performed using FEAT (Jenkinson et al., 2012; Smith et al., 2004; Woolrich et al., 2009 ) and
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included: (i) removal of the first four volumes to allow for signal equilibration; (ii) head movement correction by volume-realignment to the middle volume using MCFLIRT; (iii) global 4D mean intensity normalization; and (iv) spatial smoothing (5 mm FWHM). We then applied ICA-AROMA (Independent Component Analysis-based Automatic Removal Of Motion Artifacts) (Pruim et al., 2015) in order to identify those independent components (ICs) representing motion-related artifacts.
This method calculates a set of spatial and temporal discriminative features and, according to them, exploits a classification procedure to identify ICs representing motion artifacts. Specifically, these features evaluate the spatial overlaps of each component with the edges of brain and CSF, and the frequency content and the temporal correlation with realignment parameters of the IC time-series.
Finally, ICs classified as motion-related were removed from the fMRI dataset by means of linear regression. Resulting fMRI dataset was then high-pass filtered (cut-off frequency of 0.01 Hz) and co-registered to the participant's 3D T1-weighted TFE image using affine boundary-based registration as implemented in FLIRT (Greve and Fischl, 2009; Jenkinson and Smith, 2001) , and subsequently transformed to the MNI152 standard space with 4 mm isotropic resolution using nonlinear registration through FNIRT. (Andersson and Jenkinson, 2007) Pre-processed fMRI data, containing 196 time-points for each subject, were temporally concatenated across subjects to create a single 4D dataset. This FMRI dataset was then decomposed into ICs with a free estimation for the number of components using MELODIC (Multivariate Exploratory Linear Optimized Decomposition into Independent Components) (Beckmann et al., 2005) .
Statistical analysis
Demographic, clinical and cognitive data
Group comparisons of continuous variables were performed using ANOVA models, followed by post-hoc pairwise comparisons (SAS Release 9.3, SAS Institute, Cary, NC, USA).
Voxel-based morphometry
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Analyses of covariance were performed to assess GM volume differences between each PCA patient group and age-matched healthy controls. Total intracranial volume and age at the MRI were included in the models as covariates. The statistical threshold was set at p<0.05 Family-wise error (FWE)-corrected within at least 20 contiguous voxels.
DT MRI metrics of WM tracts
DT MRI measures of WM tracts of interest (cingulum, CC, SLF, ILF, uncinate fasciculus)
were compared between groups using ANCOVA models, age and Bonferroni-corrected for multiple comparisons (p<0.05; SAS Release 9.3).
RS functional connectivity
Between-group analysis of the RS fMRI data was carried out using a dual-regression technique as implemented in FSL , an approach that allows to identify subject-specific temporal dynamics and spatial maps that are associated with each group IC map.
Among group-IC spatial maps, ICs of interest (DMN, visual network, left and right frontoparietal networks, frontal, salience, dorsal attentive networks) were selected by visual inspection based on previous literature (Supplementary Figure) . Then, dual-regression procedure was performed, which involves: (i) the use of the selected group-IC spatial maps in a linear model fit (spatial regression) against the single subject fMRI data sets, resulting in matrices describing temporal dynamics for each IC and subject; and (ii) the use of these time-course matrices which are entered into a linear model fit (temporal regression) against the associated fMRI data set to estimate subject-specific spatial maps . After dual regression, spatial maps of all subjects were collected into single 4D files for each original IC. Nonparametric permutation tests (5000 permutations) were used to detect statistically significant differences between groups within the RSN of interest obtained with MELODIC (the single 4D files for each original IC) (Nichols and Holmes, 2002) . Furthermore, analyses were corrected for GM segments, age and restricted within the spatial RS network of interest using binary masks obtained by thresholding the corresponding Z map image (Z>2.3). FWE correction for multiple comparisons was performed, implementing the
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Threshold-Free Cluster Enhancement method using a significance threshold of p<0.05 (Smith and Nichols, 2009 ).
Correlations
In PCA patients, correlations between clinical features, DT MRI measures, and RS functional connectivity findings were tested. Analyses were restricted to MRI metrics significantly different between patients and controls. Multiple regression models were Bonferroni-corrected for multiple comparisons (p<0.05; SAS Release 9.3).
Results
Demographic, clinical and cognitive data
Groups were similar for age and gender. Sample#2 patients had less years of education than controls and Sample#1 patients (Table 1) . PCA groups were similar for age at the disease onset, but Sample#1 had longer disease duration and a trend toward a greater disease severity compared to patients of Sample#2 (Table 1) . Compared with controls, PCA patients performed worse in all investigated cognitive domains (Supplementary Tables 1 and 2 ). At the time of the visit, patients presented with ventral symptoms, such as visual agnosia (52%), prosopagnosia (57%), and alexia (86%); dorsal symptoms, such as neglect (24%), optic ataxia (38%), oculomotor apraxia (19%) and simultanagnosia (43%); Gerstmann's syndrome such as finger agnosia (52%), left and right disorientation (48%) and acalculia (66%); and other deficits such as apperceptive agnosia (71%), space perception and exploration (76%) and ideomotor limb apraxia (81%) ( Table 2) .
Voxel-based morphometry
The severity and regional distribution of GM loss in each patient group vs controls were consistent with those reported in the literature (Lehmann et al., 2011; Migliaccio et al., 2009; Whitwell et al., 2007) (Supplementary Table 3 , Figure 1 ). Briefly, regions of GM volume loss were detected in both PCA samples in the occipital (fusiform, inferior and middle occipital gyri, mainly
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at the right side), parietal (bilateral angular and middle cingulum), temporal (bilateral middle and inferior temporal gyri and hippocampus), and frontal (small clusters in the bilateral middle and inferior frontal gyri) cortices (Supplementary Table 3 , Figure 1) , with a greater extent to the posterior brain regions.
WM tracts
Compared with controls, both PCA groups showed a pattern of WM damage involving the body and splenium of the CC, bilateral SLF and left ILF (Table 3 , Figure 1 ). Sample#1 showed further WM alterations in the bilateral cingulum and right ILF (Table 3, Figure 1 ).
RS functional connectivity
Compared with healthy controls, each group of PCA patients showed common patterns of 
Correlations
In each patient group (separately), no correlation was found between MRI metrics and disease duration and severity. In Sample#1, reduced RS functional connectivity of the left middle
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A C C E P T E D M A N U S C R I P T occipital gyrus within the DMN was associated with right SLF alterations (increased MD:
Spearman's rho= -0.92, p=0.04). In Sample#2, reduced RS functional connectivity of the right precuneus within the DMN was associated with left ILF changes (increased MD: Spearman's rho= -0.78, p=0.01; increased axD: Spearman's rho= -0.73, p=0.04).
Discussion
In this study, we reported patterns of brain structural and RS functional connectivity features of two independent samples of PCA patients. Compared to healthy controls, both PCA groups showed damage of the CC, SLF and ILF, and decreased RS functional connectivity within the visual network and DMN. In PCA patients with longer disease duration and greater disease severity, WM damage extended to the cingulum and RS functional connectivity alterations spread within the frontal, dorsal attentive and salience networks. In line with previous studies (Lehmann et al., 2011; Migliaccio et al., 2009; Whitwell et al., 2007) , we detected areas of GM volume loss in both PCA samples, with the greater extent to occipital-parietal and occipito-temporal cortices.
According with the clinical syndrome and previous studies (Caso et al., 2015; Madhavan et al., 2016; Migliaccio et al., 2012b; Migliaccio et al., 2012c) , common WM damage across PCA groups were found in the ventral (ILF) and dorsal (SLF) structural visual pathways. In addition, PCA patients showed the involvement of the CC, which has been found to be a common target of pathology shared by syndromic variants of AD (Caso et al., 2015; Madhavan et al., 2016; Migliaccio et al., 2012a) . Pathological studies in PCA patients, reporting pathological features of AD, showed the greatest density of senile plaques and neurofibrillary tangles in occipitoparietal cortices and posterior cingulate cortex (Hof et al., 1997; Levine et al., 1993; Tang-Wai et al., 2004) .
Thus, microstructural damage to the visual pathways and CC can be related with neuronal degeneration of the posterior brain cortices. ILF involvement, due to its crucial role in carrying the visual information from occipital areas to the temporal lobe (Catani et al., 2003) , is likely to contribute to deficits such as object recognition, prosopagnosia and/or alexia (Epelbaum et al.,
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2008; Ffytche et al., 2010; Simon et al., 2011) . Damage of the SLF, which links the parietal lobes to the frontal brain regions (Catani et al., 2002) , may be related to the patient dorsal symptoms, such as the altered detection of object locations, neglect and optic ataxia (Andrade et al., 2010; Doricchi et al., 2008) . Furthermore, SLF involvement together with that of the body of CC (with fibers projecting to the motor regions) may be associated with the ideomotor apraxia present in some of our cases (Catani and ffytche, 2005) . Finally, in both samples we observed changes in the splenium of the CC that could be associated not only with visuospatial but also with memory deficits (Rudge and Warrington, 1991) .
Functional connectivity was affected in both the visual network and posterior regions of the DMN in patients with PCA regardless the clinical stage. Findings on the visual network are in agreement with two previous RS fMRI studies of PCA Migliaccio et al., 2016) , supporting the early involvement of syndrome-specific brain networks in AD variants (Lehmann et al., 2013; Ossenkoppele et al., 2015) . We observed a decreased functional connectivity in the posterior cortical hubs of the DMN, according to its central role across AD phenotypes Lehmann et al., 2013; Ossenkoppele et al., 2015) . A correspondence between regions of GM atrophy in PCA patients and posterior-DMN functional connectivity map derived from healthy subjects has been reported (Lehmann et al., 2013; Ossenkoppele et al., 2015) .
Contrary to previous studies Migliaccio et al., 2016) , we did not find areas of increased DMN connectivity in PCA patients relative to controls. Hyperconnectivity, which has been previously observed also in typical late-onset AD (Agosta et al., 2012; Damoiseaux et al., 2012) , has been attributed to multiple pathophysiological factors (Hillary et al., 2015) including aberrant communication in response to brain damage and neural resilience during the initial stage of brain dysfunction which usually disappears with the disease progression. The variability of clinical data and structural damage amount among study samples may explain the lack or the presence of increased connectivity patterns in the fMRI literature of AD.
The observation of findings obtained in our two PCA samples may help elucidating trajectories of disease spreading. In agreement with previous studies (Caso et al., 2015; Madhavan et al., 2016; Migliaccio et al., 2012b; Migliaccio et al., 2012c) , DT MRI showed more extensive changes than expected purely due to the posterior atrophy seen on structural imaging. In addition, PCA patients with longer disease duration and greater disease severity showed further WM damage to the cingulum as well as decreased functional connectivity in the frontal, salience, and dorsalattentive networks. All together, these findings may provide evidence that disease targets posterior DMN and visual (syndrome-specific) network simultaneously at onset. According to the networkbased degeneration hypothesis (Seeley et al., 2009) , neurodegeneration spreading in PCA may then rapidly involve lateral parieto-temporal cortices and finally follow posterior-to-anterior pathways to reach most distant frontal cortical hubs and basal ganglia. The distributed WM damage observed in our patients suggests that pathology may propagate stepwise through CC and long-distance structural connections such as the cingulum, ILF and SLF. As a support of this latter, in both our samples we observed that the reduced DMN functional connectivity was associated with structural alterations of the right SLF and left ILF. Obviously, a better understanding of the evolution of the disease requires longitudinal studies. In a cognitively normal research volunteer who developed a ventral phenotype of PCA and was followed up for 5 years, structural MRI analysis revealed atrophy which was initially most marked in inferior temporal and posterior parietal cortices before spreading to occipital cortices and subsequently to more anterior regions (Kennedy et al., 2012) .
Although clinical differences are our first explanation for different MRI findings between patient populations, we cannot exclude that they are due to heterogeneity in terms of underneath pathology. In this study, we provided AD biomarkers for the majority of cases. However, as suggested by the last consensus classification for PCA (Crutch et al., 2017) , alternative pathologies such as corticobasal degeneration and Lewy body disease could be the cause of neurodegeneration in PCA cases leading to different patterns of damage. In addition, different MR scanners and magnetic field strengths (1.5 vs 3 T) may have affected findings in distinct ways with 1.5 T having
higher risk of false positive results due to a worse signal to noise ratio (SNR) but 3.0 T being characterized by an increased level of artifacts. While it is unlikely that 1.5 and 3 T scans did significantly differ in their power to detect GM atrophy patterns on T1-weighted images (Ho et al., 2010) , the increased SNR at 3.0 T should have been resulted in smaller variances in estimated DT MRI parameters (Alexander et al., 2006) . Indeed, although the amount of EPI distortion roughly doubled going from 1.5 T to 3.0 T, it is reduced by 50% when using parallel imaging as in our protocol (Alexander et al., 2006) . In addition, higher fields should also result in improved sensitivity and spatial specificity for detection of fMRI signal (Triantafyllou et al., 2005) .
Some additional methodological shortcomings should be considered when interpreting our
data. An important caveat is the lack of pathological confirmation for the clinical diagnosis.
However, a multidisciplinary panel of clinicians, experts in the field, evaluated all patients. In addition, for the majority of patients, the clinical diagnosis was biomarker-supported thus increasing diagnostic certainty, at least for the underneath AD pathology. Second, this is a cross-sectional study. Third, although we replicated similar findings in two independent samples, overall sample size is still relatively small and this is probably the reason why we did not observe a significant association between MRI alterations and clinical features.
To conclude, in two independent samples of PCA patients, we showed distributed WM damage suggesting DT MRI as a potential adjunct in the early diagnosis of PCA. Moreover, altered RS functional connectivity extends with disease worsening from occipital to temporo-parietal and frontostriatal regions, and we speculated that this may likely occur through WM connections.
Future larger and longitudinal studies are needed to verify our hypotheses on damage spreading in PCA and establish whether a combined DT MRI/RS fMRI approach is promising in monitoring the disease progression.
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